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Abstract: A novel ultrasound-assisted method for synthesizing small, uniform stannous
oxide (SnO) at room temperature was proposed in this work. The experimental results
showed that the median particle size D50 of SnO prepared by ultrasound was 5.2 µm,
with a particle size distribution ranging from 2.9 to 8.7 µm and exhibiting a homogeneous
micromorphology. This solves the problems of a median particle size D50 higher than 20 µm,
a wide range of particle size distributions, and uneven micromorphology in conventional
preparation. The XRD and SEM results revealed that the introduction of ultrasound
promoted the conversion of the intermediate product Sn6O4(OH)4 to SnO, increased the
exposure of the (001) and (002) crystal facets, promoted tetragonal growth, and suppressed
particle aggregation, leading to finer and more uniformly distributed stannous oxide
particles. BET and XPS analyses further demonstrated that ultrasound increased the
specific surface area and the O-Sn2+ content, indicating enhanced surface reactivity.

Keywords: stannous oxide; ultrasonic; particle size regulation; room temperature

1. Introduction
Stannous oxide (SnO) is an important p-type semiconductor oxide. The reversible

transition between p-type and n-type conductivity can be achieved through precise modu-
lation of the oxygen vacancy concentration, elemental doping, or external stimuli such as
light and electric fields [1,2]. This unique property endows SnO with significant potential
for applications in photoelectric devices, gas sensors, and catalysis [3,4]. In photoelectric
applications, the high visible-light transparency and oxygen vacancy-dependent band
structure of SnO, combined with carrier concentration modulation induced by the p-n
transition, significantly enhance the performance of solar cells and photodetectors [5]. In
gas sensing, p-n reversibility modulates electrical conductivity, and when combined with
the chemical adsorption of reducing gases at surface oxygen vacancy sites, it enables high
sensitivity and rapid response detection [6]. In catalytic applications, the high density of
surface oxygen vacancies, their p-n conversion, and regulated electron transfer capability
make SnO highly effective in redox reactions [7].

The size and uniformity of stannous oxide particles play important roles in their
downstream application effects. As the particle size of stannous oxide decreases, its surface
area per unit volume increases, providing more reactive sites and thereby enhancing the
sensitivity of gas sensors. In the field of photocatalysis, smaller-sized stannous oxide
particles exhibit superior catalytic performance due to their higher specific surface area
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and enhanced light-absorbing capabilities [8]. In addition, smaller particle sizes and
improved uniformity contribute to higher ion diffusion rates and reduced electrochemical
polarization, which are essential for improving the performance of stannous oxide in battery
applications [9]. However, despite extensive research on the preparation of nanoscale
stannous oxides, their practical use is hindered by issues such as clogging, agglomeration,
and challenges in recycling. Jain et al. [10] reported that the use of nanoscale stannous
oxide as an electrode material still has disadvantages such as low coulombic efficiency of
the first cycle, poor volumetric performance, low mass loading, complex manufacturing
processes and high costs. In contrast, micron-sized stannous oxides are more suitable for
industrial applications due to their better cycling stability and mechanical strength [10,11].
Therefore, the aim of this study is to synthesize stannous oxides with smaller particle sizes
in the micron-sized class.

Stannous oxide can be synthesized through various methods, including pulsed laser
deposition, magnetron sputtering, hydrothermal synthesis, and sol–gel techniques. Among
these methods, hydrothermal synthesis is the main method for preparing micron-sized
stannous oxides due to its superior product yield, high crystallinity, and excellent process
controllability [12]. However, existing techniques for hydrothermal synthesis often result
in uneven particle size distributions and excessively large particles, which limit their
application potential [13,14]. To address these challenges, numerous studies have been
conducted to control the particle size of stannous oxide. Iqbal et al. [15] prepared SnO
powders by the hydrothermal method and obtained samples with mean particle sizes
ranging from 10 to 14 µm, but this process requires high-temperature conditions (230 ◦C) in
an autoclave. Qin et al. [16] used ionic liquid microwave-assisted methods to prepare SnO
with a mean particle size of 40 µm. Uchiyama et al. [17] obtained SnO samples with mean
particle sizes of 10–20 µm using SnF2 and NaOH as raw materials in a gelatin-containing
aqueous solution after hydrothermal treatment at 150 ◦C for 24 h. These methods generally
have problems such as high energy consumption and large average particle size.

In recent years, ultrasound has been increasingly used in compound synthesis. The
high-frequency vibration of ultrasound can produce a strong mechanical effect [18,19],
which enhances the micro-mixing effect, shortens the mixing time, and improves the nu-
cleation rate, thereby obtaining smaller particle sizes. Ultrasound forms tiny bubbles in
the solution, and these bubbles vibrate and burst rapidly under the action of sound waves,
generating a strong impact force, thus contributing to the refinement of the formed crystal
particles. In addition, ultrasound can effectively break the crystal structure, making the
product particles uniformly dispersed in the solvent, which helps the abrasion and frac-
ture of the formed particles and avoids the aggregation of large particles. As a result, it
has a greater advantage in reducing the size of the product particle size and improving
its uniformity. Gielen et al. [20] investigated the effect of ultrasound on controlling the
particle size distribution of acetaminophen crystals and reported that the introduction of
ultrasound reduced the crystal size by about 30 µm compared to conventional conditions.
Furusawa et al. [21] used ultrasound to synthesize bismuth–indium alloy particles and
reported that there was a significant correlation between the ultrasonic time and the parti-
cle size, which decreased with increasing ultrasonic time. The average particle size after
30 min of reaction was 4.2 µm, whereas the average particle size after 60 min of reaction
was 3.3 µm. In a study by Belca et al. [22], the crystallization of the active pharmaceuti-
cal ingredient Tegretol was facilitated using ultrasonic technology. The results indicated
that the ultrasound-facilitated crystallization process significantly improved key aspects of
crystallization, such as nucleation rates, crystal enlargement, and filtration duration, outper-
forming traditional techniques. In addition, ultrasonic technology can effectively mitigate
particle agglomeration, reduce energy waste, and avoid depolymerization problems in
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the conventional crystallization process. Liu [23] investigated the impact of ultrasonic
vibration on the dispersion and phase structure of WC-enhanced particles in laser-melted
Ni60/WC composite coatings. The study revealed that ultrasound significantly improved
the deposition of WC particles in the coatings, with the optimal distribution of tungsten
carbide particles observed at an ultrasonic power of 600 W. Therefore, investigating the
influence of ultrasonic treatment on the regulation of stannous oxide particle dimensions is
of significant importance.

Stannous oxide with controlled particle size and uniform distribution is crucial for ad-
vanced applications. This work developed a novel ultrasound-assisted room-temperature
synthesis method that eliminates the need for additional heating while achieving SnO
particle size regulation. The effects of key parameters on particle size under ultrasound
were investigated, process parameters were optimized, and the mechanism of ultrasound-
mediated particle size control was elucidated.

2. Experimental
2.1. Materials

The stannous chloride dihydrate (SnCl2·2H2O, AR) used in this work was from
Shanghai Zhan Yun Chemical Co. Ltd., Shang Hai, China, sodium hydroxide (NaOH,
AR) was from Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China, and deionized
water was made in our laboratory.

2.2. Experimental Procedure

The experimental flowchart for the preparation of stannous oxide by ultrasound is
shown in Figure 1. First, 0.5 mol/L stannous chloride (SnCl2·2H2O) solution and 2 mol/L
sodium hydroxide (NaOH) solution were prepared. Then, 100 mL of sodium hydroxide
solution was added dropwise to 100 mL of stannous chloride solution. The ultrasonic rod
was placed in the solution and operated at a specific power. In this research work, the sole
distinction between conventional and ultrasonic methods was the presence or absence of
ultrasound, with all other parameters remaining identical.

 

Figure 1. Experimental procedure flowchart.
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During the experiment, the key parameters, namely reaction temperature and ultra-
sonic power density, were monitored and adjusted using numerical control equipment.
With the progress of the reaction, the color of the solution gradually changed from white
to dark blue or dark gray. The solution was subjected to filtration to obtain a black-gray
solid. The precipitate was subsequently isolated via centrifugation, rinsed with distilled
water, and then dried at 60 ◦C for 24 h. The effects of the reaction endpoint pH (7, 9, 11, 13,
and 14), reaction temperature (20, 30, 40, 50, and 60 ◦C), constant-temperature time (1, 8, 20,
and 30 min), and ultrasonic power (540, 720 900, 1080, and 1260 W) on the particle size of
the stannous oxide were investigated. The effects of the endpoint pH, reaction temperature,
and constant-temperature time were first investigated at a fixed ultrasonic power of 900 W
(determined to be optimal for controlling the particle size in preliminary tests). Subsequent
ultrasonic power optimization was performed using the determined optimal conditions.

In this research, a laboratory-developed ultrasonic apparatus operating at a frequency
of 20 kHz and a maximum power output of 1800 W was utilized. The ultrasonic power
was adjusted by varying the percentage of the total power output.

2.3. Analytical Methods

The phase composition of the solid product was analyzed by an X-ray diffractometer
(Rigaku Miniflex 600, Cu target, scanning speed of 5◦/min, scanning range of 10–80◦,
Rigaku Corporation, Tokyo, Japan). The XRD data were analyzed using MDI Jade (Materials
Data, Inc., Livermore, CA, USA, version 6.0). A Zeiss ordinary inverted fluorescence
microscope (Zeiss, Axio Vert. A1. Carl Zeiss AG, Oberkochen, Germany) was employed to
analyze the effect of different ultrasonic powers on the breakage of crystals. The particle
size and uniformity of the stannous oxide products were determined by a laser particle size
detector (Malvern Mastersizer 2000, Malvern Panalytical, Malvern, UK). The morphology
of the products was observed by SEM (ZEISS Sigma 300, Carl Zeiss AG, Jena, Germany).
The valence changes of tin in the product by XPS (Thermo Scientific K-Alpha, Thermo
Fisher Scientific, Waltham, MA, USA) and the functional group structure of the product
were analyzed by Fourier Transform Infrared Spectroscopy (Bruker Tensor 27, wavelength
range of 400–4000 cm−1, Bruker Corporation, Billerica, MA, USA).

The yield of stannous oxide obtained from the reaction was calculated by weighing
the solid product after filtration via Equation (1):

Y =
m1

m0
× 100% (1)

where Y represents the stannous oxide yield, m1 represents the actual mass of stannous
oxide, and m0 represents the theoretical mass of stannous oxide.

3. Results and Discussion
3.1. Effect of Experimental Parameters on the Particle Size
3.1.1. Endpoint pH Value

The endpoint pH value of the reaction was maintained by controlling the addition
of NaOH solution and monitoring it in real time. In addition, during the preparation
of stannous oxide, the stannous chloride solution gradually transitioned from a milky
colloid to an off-white color as sodium hydroxide solution was added, eventually forming
a black stannous oxide precipitate. After the formation of black stannous oxide, the
reaction continued under specific conditions for a designated period, referred to as the
“constant-temperature time”. The effects of different pH values (7, 9, 11, 13, and 14) on
the prepared stannous oxide products were investigated at room temperature, with a
reaction time of 30 min and an ultrasonic power of 900 W. The actual photographs and
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XRD results of the solid products obtained at different endpoint pH values are shown
in Figures 2 and 3, respectively.

Figure 2. Actual photographs of solid products obtained at different endpoint pH values. (a) pH = 7;
(b) pH = 9; (c) pH = 11; (d) pH = 13; (e) pH = 14.

 

Figure 3. XRD patterns of solid products obtained at different endpoint pH values.

As shown in Figure 2, the product color gradually changes from white to black with
increasing pH, which may be due to the transformation of the white intermediate product
Sn6O4(OH)4 to the black product SnO. SnCl2 in solution reacts with NaOH to produce the
white colloidal precipitate intermediate product Sn6O4(OH)4, as shown in the reaction in
Equation (2). The generated Sn6O4(OH)4 is further transformed to SnO under thermal or
alkaline conditions:

6SnCl2 + 12NaOH → Sn6O4(OH)4 + 12NaCl + 4H2O (2)

Sn6O4(OH)4 → 6SnO + 2H2O (3)

From the XRD results in Figure 3, at the endpoint pH value of 7, the composition
of the solid product was more complex, with the main components being Sn6O4(OH)4,
Sn4(OH)6Cl2, SnO, and other substances. And the peak intensities of the intermediate
products Sn6O4(OH)4 and Sn4(OH)6Cl2, which are white in color, were obviously higher
than those of SnO, which is black in color, resulting in the white color of the product. The
formation of Sn4(OH)6Cl2 is due to Reaction (4) in addition to Reactions (2) and (3) in the
case of low alkali addition. The formation of Sn4(OH)6Cl2 brings more harmful chloride
ions into the final product, SnO, which affects the product quality.

4SnCl2 + 6NaOH → Sn4(OH)6Cl2 + 6NaCl (4)

When the endpoint pH value reached 9, the peak intensities of Sn6O4(OH)4 and SnO
increased significantly, the peak intensity of Sn6O4(OH)4 showed a slight increase, and
the diffraction peak of Sn4(OH)6Cl2 almost disappeared. These results suggest that the
transformation of SnCl2 to Sn6O4(OH)4 and of Sn6O4(OH)4 to black SnO was promoted
with the increase in NaOH concentration, and the color of the product became darker and
earthy yellow. When the endpoint pH value was 11, the intermediate product Sn6O4(OH)4

was still present, but its diffraction peak was obviously weakened, the main phase was
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SnO, and the product was black. At a pH value of 13 and above, the intermediate product
Sn6O4(OH)4 was completely converted into SnO, the diffraction peak of Sn6O4(OH)4

disappeared completely, and the diffraction peak of SnO could only be observed. This
finding indicates that pure stannous oxide products can be obtained at the endpoint pH
value of 13. A comparison of the endpoint pH values of 13 and 14 on the prepared stannous
oxides revealed that they are basically the same. Considering the cost problem, the endpoint
pH = 13 was selected as the optimal condition.

3.1.2. Reaction Temperature

The effects of various reaction temperatures (20, 30, 40, 50 and 60 ◦C) on the pre-
pared stannous oxide products were investigated at an endpoint pH value of 13, constant-
temperature time of 10 min, and ultrasonic power of 900 W. The median particle size D50 of
the stannous oxide product obtained at different reaction temperatures under conventional
and ultrasonic conditions is shown in Figure 4.

Figure 4. Effect of reaction temperature on the median particle size D50 of stannous oxide.

The median particle size D50 of stannous oxide obtained with ultrasound was signifi-
cantly smaller and more uniform compared to that obtained using conventional methods.
The median particle size D50 of the products prepared with ultrasound ranged from 4.6 to
5.2 µm, whereas that of the products prepared with conventional methods ranged from
23.6 to 28.9 µm. This difference can be attributed to the cavitation effect of ultrasound,
which generates localized high-temperature and high-pressure environments, facilitat-
ing the breakdown of larger crystals and promoting the formation of numerous small
nuclei [24]. At the same time, the mechanical effect of ultrasonic waves increases the diffu-
sivity, enhances the micro-mixing, and inhibits the formation of agglomerates, resulting in
smaller and more uniform particles.

In addition, the effect of temperature on the particle size of the product under ultra-
sonic conditions is not as strong as that under conventional conditions. Under conventional
preparation conditions, the median particle size D50 increased from 23.6 to 28.9 µm as the
temperature was raised from room temperature to 60 ◦C. This is because the increase in
temperature during conventional preparation leads to a faster growth rate of stannous ox-
ide crystals relative to the nucleation rate [25], resulting in larger particles. Wang et al. [26]
studied the control of particle size and morphology of stannous oxide nano powder via
the conventional hydrothermal synthesis method, and reported that the particle size of the
powder increased with the increase in temperature, from 6.2 nm at 160 ◦C to 120 nm at
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220 ◦C. In the presence of ultrasound, the median particle size of the product is relatively
stable in the range of 4.6–5.2 µm at the temperature range of room temperature to 60 ◦C.
Similarly, Al-Attri et al. [27] observed the synthesis of MIL-53(Al) with pure crystallinity
and stable particle sizes ranging from 0.7 to 0.93 µm using ultrasonic-assisted synthesis at
150 ◦C for 6 h. This may be because ultrasound acts more on the nucleation stage rather
than on the growth stage [28], coupled with the mechanical effect of ultrasound on crystal
fragmentation, leading to elevated temperatures under ultrasound not having a significant
effect on the size of crystals.

The effect of temperature on product particle size under ultrasonic conditions was
minimal. Although the median particle size D50 of stannous oxide decreased slightly from
5.0 µm to 4.6 µm when the temperature increased from room temperature to 30 ◦C, increas-
ing the temperature increased the energy consumption and cost. Therefore, room tempera-
ture (without external heating) was selected as the optimal preparation temperature.

3.1.3. Constant-Temperature Time

At an endpoint pH value of 13, ultrasonic power of 900 W, and reaction temperature
of room temperature, the effects of varying constant-temperature times on the prepared
stannous oxide products were investigated. The median particle size D50 of stannous
oxide obtained at different constant-temperature times under conventional and ultrasonic
conditions is shown in Figure 5.

Figure 5. Effect of constant-temperature time on the median particle size D50 of stannous oxide under
conventional and ultrasonic action.

The median particle size D50 of the stannous oxide prepared using ultrasound was sig-
nificantly smaller and more uniform than that prepared by the conventional method across
different constant-temperature times. Specifically, the median particle size (D50) of the
products prepared by ultrasound remained stable at 4–6 µm within the examined constant-
temperature time range, whereas it fluctuated within a larger range of 20–35 µm under
conventional conditions. This phenomenon is the same as that affected by temperature.

Figure 6 shows SEM images of the solid products obtained at different constant-
temperature times during conventional and ultrasonic preparations. Combined with
Figure 5, it can be seen that under the action of stirring, the stannous oxide particles obtained
by both ultrasonic and conventional methods experienced a process of initial growth
followed by breakage and shrinkage. The difference is that the addition of ultrasound
greatly shortens this time. This process occurs at a constant-temperature time of about
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15 to 25 min in the conventional method, whereas the action of ultrasound advances this
stage to the range of a constant-temperature time of 1 to 8 min, and ultrasound is more
effective in breaking the particles. When the ultrasonic constant-temperature time was
extended from 1 to 8 min, the median particle size D50 of stannous oxide decreased from
5.6 to 4.6 µm, reaching its minimum value at 8 min. At this time, the yield increased
from 80.74% to 86.84%. This is because the effect of ultrasound on promoting particle
growth is weaker than the mechanical effect of ultrasound on breaking large particles into
smaller crystals [24], leading to a decrease in particle size and an increase in yield. With
the extension of time, the breaking effect of ultrasound on the particles weakens, and the
ultrasound energy is mainly used to promote the growth of small crystals that have been
formed [27], resulting in a gradual increase in particle size. The median particle size D50 of
stannous oxide prepared by conventional preparation was more stable at about 23 µm when
the conventional constant-temperature time was extended from 1 to 8 min. The median
particle size D50 of stannous oxide increased significantly by extending the time, and the
median particle size D50 increased to 33 µm at 20 min. However, after further extending
the time, the median particle size D50 gradually decreased. The SEM image also showed
that the stannous oxide obtained by the conventional method at 20 min was flowery with a
large amount of tetragonal stannous oxide, and the particle size was obviously uneven.

 

Figure 6. Product size obtained by conventional preparation (a–c) and ultrasonic preparation (d–f)
with different constant-temperature times.
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To summarize, the stannous oxide particle size is the smallest and the yield is larger
when the constant-temperature time is 8 min; therefore, a constant-temperature time of
8 min is chosen as the optimal condition.

3.1.4. Ultrasonic Power

The effects of different ultrasonic powers (540, 720, 900, 1080 and 1260 W) on the
preparation of stannous oxide were investigated at the endpoint pH value of 13, constant-
temperature time of 8 min, and reaction temperature of room temperature. The median
particle size D50 of the stannous oxide products obtained with different ultrasonic powers
is shown in Figure 7.

Figure 7. Effect of ultrasonic power on the median particle size D50 of stannous oxide.

As shown in Figure 7, the ultrasonic power had a more significant effect on the median
particle size D50 than either temperature or constant-temperature time. In the examined
power range of 540–1260 W, the median particle size D50 of stannous oxide fluctuated from
5.0 to 7.0 µm. With increasing ultrasonic power, the particle size of the prepared stannous
oxide showed a tendency to first decrease and then increase. When the ultrasonic power
is low, the ultrasonic energy is mainly used to break the formed crystals into more and
smaller crystals, whereas as the ultrasonic power increases, the increased ultrasonic energy
not only breaks the crystals but also accelerates their growth rate. Fluorescence microscopy
images of crystal morphology under different ultrasonic powers are shown in Figure 8.
At the ultrasonic power of 720 W, it is observed that the integrity of the crystal is greater
than that at 900 W, and at an ultrasonic power of 900 W, the SnO crystal under the same
magnification undergoes obvious fragmentation, at which time the ultrasonic effect of
crystal fragmentation reaches its maximum. As the ultrasonic power continues to increase,
the integrity of the crystal is again greater at 1080 W and 1260 W than that at 900 W, which
indicates that increased ultrasonic energy promotes the growth of the crystals after the
breaking of the crystals.

A significant increase in the yield of stannous oxide was obtained at 900 W, reaching
79.4%, which was 3.2% higher than that at 540 W; a minimum particle size was obtained
with a median particle size D50 of 5.2 µm, which is 1.7 µm smaller than the median particle
size D50 at the 540 W condition. However, when the ultrasonic power increased to 1260 W,
the particle size of stannous oxide was larger than that obtained at 900 W, while the yield
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improvement was marginal, showing only a 0.8% increase. Wu et al. [29] studied the
synthesis of polydopamine (PDA) nanoparticles and reported that ultrasound-assisted
synthesis promoted the reaction kinetics and increased the nucleation rate, resulting in
smaller PDA nanoparticles. The research of Guo et al. [30] showed that the mean particle
sizes of metallic Rb nanoparticles were 55 and 70 nm at ultrasonic powers of 320 and 240 W,
respectively. In some cases, an increase in ultrasonic power leads to an increase in the
median particle size of the particles. According to the study of Yang et al. [31], the size of
particles decreased with increasing ultrasonic power at lower ultrasonic powers. It has been
demonstrated that an increase in ultrasonic power may result in the continuous growth of
particles, due to the energy provided thereby. Therefore, an excessive increase in ultrasonic
power could not enhance particle refinement, but would lead to recolonization of particles
or formation of larger particles, resulting in an increase in particle size, which is consistent
with the results of the present experiments. To summarize, the smallest particle size and
largest yield of stannous oxide were obtained at 900 W. Therefore, an ultrasonic power of
900 W was selected as the optimal condition.

 

Figure 8. (a) Ultrasonic power 720 W. (b) Ultrasonic power 900 W. (c) Ultrasonic power 1080 W.
(d) Ultrasonic power 1260 W.

3.2. Characterization of Stannous Oxide Products Obtained by Ultrasonic and
Conventional Methods

Under the optimal process conditions including an endpoint pH value of 13, constant-
temperature time of 8 min, and reaction temperature of room temperature, the stannous
oxide samples prepared with 900 W of ultrasonic power were compared with conventional
samples (prepared without ultrasound). Table 1 shows the Sn elemental content of the solid
product. According to the Sn content, the purity of stannous oxide obtained at conventional
room temperature was only 97%, which does not meet the industry standard of stannous
oxide products. This may also be the reason why the existing conventional processes for
preparing stannous oxide require high temperatures rather than room temperature. In
contrast, the purity of stannous oxide obtained under the action of ultrasound was 98.7%,
which was higher than the industry standard of 98%. In other words, stannous oxide
products that meet industry standards can be obtained under the action of ultrasound at
room temperature.
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Table 1. Sn contents of stannous oxide obtained by conventional and ultrasonic conditions.

Samples Sn% SnO Content%

Conventional 85.48 97
Ultrasonic 86.99 98.7

Figure 9 reflects the particle size distribution of stannous oxide obtained by conven-
tional and ultrasonic conditions.

Figure 9. Particle size distribution of stannous oxide under conventional optimal conditions (a) and
under optimal ultrasonic conditions (b).

The particle size distribution of the stannous oxide prepared with the conventional
method was between 6.6 and 400 µm, with a wide range of particle size distribution, and an
obvious bimodal particle size distribution structure, indicating that the particle size of the
stannous oxide obtained with the conventional method was large and uneven. In contrast,
after the introduction of ultrasound, the median particle size D50 of stannous oxide particles
was significantly reduced to only 5.2 µm, representing a 15 µm decrease compared to that of
conventional preparation. The particle size distribution was significantly narrowed, mainly
concentrated in the range of 2.9–8.7 µm, and displayed a single-peak particle size distribu-
tion structure. These results demonstrate that ultrasound assistance can effectively refine
particle size and enhance size homogeneity. Yang et al. [31] synthesized Cu nanoparticles by
the wet chemical redox method under ultrasound and statistically analyzed the evolution
of particle size distribution. The investigation revealed a direct correlation between the
decrease in particle size and the increase in ultrasonic power. A mathematical model was
developed to clarify the correlation between ultrasonic energy and the size distribution of
metallic nanoparticles. This study also demonstrated that ultrasound is an effective method
for refining and dispersing materials, which helps to improve particle size uniformity.

Table 2 shows the BET results of stannous oxide obtained by ultrasonic and conven-
tional preparation methods. It can be seen that the specific surface area of the stannous
oxide obtained by conventional preparation was only 1.099 m2/g, whereas that of the
stannous oxide obtained by ultrasound reached 2.877 m2/g. The smaller the particle size,
the more particles per unit mass, and the larger the corresponding specific surface area.
And the larger the specific surface area, the larger the adsorption capacity, and the more
active sites on the surface of the catalyst. Therefore, the introduction of ultrasound can
obtain stannous oxide with better catalytic performance.
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Table 2. BET results of stannous oxide samples obtained by ultrasonic and conventional methods.

Sample Specific Surface Area
(m2/g)

Pore Volume
(m3/g)

Average Pore Size
(nm)

Conventional 1.099 0.005 3.417
Ultrasonic 2.877 0.006 3.407

Figure 10 shows SEM images of the solid products after a constant-temperature
time of 8 min under conventional and ultrasonic preparation. Flower-like and tetragonal
structures were obtained under conventional preparation conditions, while the morphology
of stannous oxide obtained under ultrasound was obviously more uniform and mainly
tetragonal. Combined with the XRD results, it shows that ultrasound effectively promotes
the formation of tetragonal stannous oxide. The electrical conductivity and mechanical
strength of the obtained tetragonal stannous oxide are better than those of the floral
stannous oxide [32,33].

 

Figure 10. (a) Conventional constant-temperature time 8 min. (b) Ultrasonic constant-temperature
time 8 min.

Figure 11 shows the XRD patterns of conventional and ultrasonically obtained stan-
nous oxide. Comparison of the XRD patterns between the prepared stannous oxide samples
and the standard stannous oxide revealed the absence of other substances, indicating that
pure stannous oxide was successfully synthesized through both conventional and ultra-
sonic methods. The peak intensity of stannous oxide prepared by the ultrasonic method
was significantly higher than that prepared by the conventional method, suggesting that
ultrasound treatment enhances the crystallinity and crystal integrity of stannous oxide.
Moreover, the intensities of the diffraction peaks on the crystal surfaces of stannous oxide
(001) and (002) increased under ultrasound. This result indicates that the introduction
of ultrasound leads to an increase in the proportion of SnO with exposed (001) and (002)
crystal faces, which tends to grow to form a lamellar structure [9].



Metals 2025, 15, 643 13 of 19

 

Figure 11. Comparison of XRD patterns of conventional and ultrasonically obtained stannous oxide.

According to the results in Figure 12, the main elements of the solid products obtained
by ultrasound and conventional methods are Sn and O, and the atomic ratio of Sn to O is
close to 1:1, and the content of Sn in the solid products obtained via the ultrasonic method
is slightly higher than that obtained via the conventional method.

 

Figure 12. (a) Stannous oxide EDS obtained conventionally. (b) Stannous oxide EDS obtained
by sonication.
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According to the results in Figure 13, the oxygen spectrum exhibits two distinct peaks
corresponding to different binding energies. The peak at 531.7 eV can be assigned to
adsorbed molecular water and hydroxyl (-OH), while the peak at 530 eV is characteristic
of O-Sn2+. The O-Sn2+ content in the stannous oxide obtained by the ultrasonic method is
much higher than that of the oxide obtained by the conventional method. This is due to the
cavitation effect of ultrasound propagating in liquids, which can lead to a localized high-
temperature and high-pressure environment. This environment promotes the formation of
smaller particles of stannous oxide, which have higher surface energy [34], leading to an
enhancement of the O-Sn2+ peak. Combined with the EDS results, only O-Sn2+ is present
in the solid product and no elements other than Sn and O are present, which indicates that
the solid product obtained is pure SnO.

 

Figure 13. Comparison of XPS oxygen spectra of stannous oxide obtained by conventional
and ultrasound.

Figure 14 shows the FTIR spectra of stannous oxides prepared by conventional and
ultrasonic methods. The absorption peak at 470 cm−1 is usually attributed to the bending
vibrational mode of Sn-O [35], the absorption peak at 550 cm−1 is attributed to the stretching
vibration of Sn-O, and the absorption peak at 660 cm−1 is attributed to the antisymmetric
stretching vibration of Sn-O. It can be seen that the peaks under the effect of ultrasound
are slightly higher, which indicates that the stannous oxide obtained by ultrasound has
higher Sn-O content. The absorption peak at 3000–3500 cm−1 is attributed to the O-H
stretching vibration, which is due to the adsorption of water molecules or -OH groups
on the surface of the sample [36,37]. The peak value under ultrasound is slightly higher
than that under conventional conditions. This is because the stannous oxide obtained
by ultrasound has a smaller particle size and larger specific surface area, which makes it
easier to adsorb water molecules in the air. To further distinguish between adsorbed water
and structural hydroxides, the drying duration at 60 ◦C was extended from 24 to 48 h,
as shown in the curve labeled “conventional extended drying time” in Figure 14. The
results revealed that the broad O-H stretching band (3000–3500 cm−1) nearly disappeared
after prolonged drying. This demonstrates that the O-H signal originated primarily from
physically adsorbed water rather than from hydroxide phases, as structural hydroxyl
groups would have persisted under these conditions.
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Figure 14. FTIR spectra of conventional and ultrasonically obtained stannous oxides.

3.3. Enhanced Mechanism of Ultrasound for Product Size Control

Figure 15 shows the change in solution color with time during conventional and
ultrasonic preparation of stannous oxide. In the conventional preparation process, the
transformation time from the milky-white intermediate Sn6O4(OH)4 to the black precipitate
SnO was approximately 420 s, which was significantly reduced to 180 s with ultrasound
assistance, demonstrating that ultrasound substantially enhances the conversion of the
intermediate Sn6O4(OH)4 to SnO. During the conventional process, the solution exhibited
a blue-gray color at 420 s and turned dark black at 600 s, while in the ultrasonic method,
the solution appeared gray at 180 s and progressed to gray-black by 300 s. The observed
difference in the final color of the solutions obtained by conventional and ultrasonic
methods is because the stannous oxide particles obtained by ultrasound are finer; therefore,
the dispersion in the solution does not exhibit as dark a color as under conventional
conditions. After the thorough reaction was completed, the reacted solution was left to
stand for some time. The conventionally prepared solution delaminated quickly, whereas
the solution delaminated more slowly after the addition of ultrasound, which was caused
by the smaller size and better dispersion of the sample particles obtained from ultrasound
preparation. Ong et al. [38] explored the effect of ultrasound assistance on the dispersion
stability of stannous oxide nanoparticles in polar solvents. They reported that ultrasound
could improve the dispersibility of stannous oxide nanoparticles, especially in distilled
water, where the dispersion had the highest stability after 1 h of ultrasound. This suggests
that ultrasound can improve the dispersibility and homogeneity of stannous oxide and
reduce the agglomeration phenomenon.

After the SnCl2 solution was added, a milky-white colloid formed. After standing
for about 1 min, the white colloid gradually delaminated and a white granular precipitate
appeared at the bottom. This is because SnCl2 dissolves in water to generate SnCl2 aqueous
solution at the beginning of the reaction. Since SnCl2 is a strong acid and weak base salt,
Sn2+ is easily hydrolyzed under acidic conditions, and the following reactions occur [37]:

Sn2+ + H2O → Sn(OH)+ + H+ (5)
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2Sn2+ + 2H2O → Sn2(OH)2
2+ + 2H+ (6)

3Sn2+ + 4H2O → Sn3(OH)4
2+ + 4H+ (7)

Among them, Reaction (5) is the main reaction of Sn2+ hydrolysis, and with the
addition of NaOH solution, Sn3(OH)4

2+ is gradually converted to the intermediate product
Sn6O4(OH)4. The reaction formula is as follows:

2Sn3(OH)4
2+ + 4OH− → Sn6O4(OH)4 + 4H2O (8)

The intermediate product Sn6O4(OH)4 continues to react under alkaline conditions
as follows:

Sn6O4(OH)4 → 6SnO + 2H2O (9)

Figure 15. (a) Variation of solution with time for conventional reaction process. (b) Variation of
solution with time for ultrasonic reaction process.

Figure 16 reflects the XRD patterns of the solid products obtained by conventional
and ultrasonic methods with different reaction times. Under conventional conditions,
Sn6O4(OH)4 was the dominant phase within 5 min, with Equation (8) representing the
primary reaction. Between 5 and 15 min of reaction, with increasing time, Sn6O4(OH)4

gradually converted to SnO, as shown in Equation (9), and at 15 min, all the solid prod-
ucts were converted to SnO. The introduction of ultrasound greatly enhanced the rate
of conversion to SnO. At 5 min, the dominant phase changed from Sn6O4(OH)4 to SnO,
and the reaction mechanism followed Equation (9), indicating that ultrasound accelerated
the reaction of Equation (9). The conversion time of SnO increased, and the ultrasound
enhanced the growth of the (001) and (002) crystal surface, promoting the formation of
tetragonal morphology. The application of ultrasound has been demonstrated to enhance
the diffusion rate and collision frequency of solute molecules, resulting in a variety of effects.
Firstly, it has been demonstrated that this leads to an increase in the rate of stannous oxide
crystal formation. Secondly, it has been shown that it increases the number of stannous
oxide crystals. Thirdly, it has been shown to inhibit the aggregation of particles, resulting
in a more uniform particle size distribution [39].

Figure 17 shows the mechanism by which ultrasonication promotes particle size re-
duction and uniform distribution. The introduction of ultrasound promotes the conversion
of the intermediate product Sn6O4(OH)4 to SnO, breaks up the formed stannous oxide
particles to form smaller crystals, and enhances the dispersion of the particles in solution,
thereby obtaining finer and more uniformly distributed stannous oxide particles. Ultra-
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sound enhances the growth of the (001) and (002) crystal planes and promotes the formation
of the tetragonal shape of stannous oxide.

Figure 16. XRD patterns of solid products obtained by conventional (blue) and ultrasonic (red)
methods at different reaction times.

 

Figure 17. Mechanism diagram of ultrasound action.

4. Conclusions
To address the limitations of conventional SnO synthesis methods characterized by

excessive particle dimensions and polydisperse distributions, a novel ultrasound-assisted
room-temperature synthesis method was developed. Under optimal conditions (room
temperature, pH 13, 900 W ultrasonic power, and 8 min constant-temperature time), the
median particle size D50 was reduced to 5.2 µm with a narrowed monomodal distribution
(2.9–8.7 µm), in contrast with conventional products, which exhibited a 20 µm median
particle size D50 and broad bimodal dispersion (6.6–400 µm). The XRD and SEM results
demonstrated that ultrasonic synthesis accelerated the conversion of the intermediate
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product Sn6O4(OH)4 to SnO, while promoting tetragonal growth through preferential (001)
and (002) facet exposure, suppressing particle aggregation, and thereby producing finer
and more uniformly distributed stannous oxide particles. BET and XPS results revealed an
increased specific surface area and elevated O-Sn2+ content, indicating that modified surface
reactivity was induced by ultrasonic synthesis. This methodology establishes an efficient
room-temperature approach for producing SnO with controlled particle dimensions and
improved homogeneity, offering a sustainable solution for industrial applications.
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